ABSTRACT Constructing the mapping between the geometric object and its corresponding 3D scattering response is a fundamental but challenging task in the domain of electromagnetic scattering, which is crucial for radar target recognition and the 3D structure interpretation. In recent years, the analytic physical optics, as a typical analytic solution, has been successfully utilized to produce the parsimonious, physically relevant 3D bistatic scattering models for standard dihedral and obtuse dihedral. In this paper, the scattering mechanism of separated dihedral, as a canonical structure that often appears in the actual targets, is investigated and its corresponding bistatic 3D scattering model is derived and established by the combination of geometric optics and physical optics method. First, the single and double-bounce reflection, as well as the occlusion occurred under different incident wave angles for the separated dihedral are analyzed in detail. Consecutively, the bistatic 3D scattering responses for different reflection cases are derived by the physical optical integration. Finally, the closed-form solution to bistatic 3D scattering model of separated dihedral is presented. The experiments with the two state-of-the-art electromagnetic calculation methods, shooting and bouncing rays and method of moments, validate the effectiveness of the proposed model. Especially, the experimental results also manifest that the standard dihedral is the specific case of the proposed model.
I. INTRODUCTION
The study of the interactions between the electromagnetic (EM) waves generated by the specific geometric object is a problem of great interest in many applications, like EM imaging, radar automatic target classification and recognition. The goal is to establish an EM scattering model for typical structures, which is the basis for both the analysis of the scattering (forward scattering) and the retrieval of the objects (inverse scattering) [1] . The EM scattering data of the target can be obtained either by outfield measurement, microwave anechoic chamber measurement or computer simulation. Among them, the data obtained by the outfield field measurement and microwave anechoic chamber measurement is authentic, but the acquisition cost is usually high. Meanwhile, the computer-aided numerical simulation algorithms, e.g., the shooting and bouncing ray (SBR) and method of moments (MOM), are usually time consuming, which cannot meet the requirements of real-time data acquisition. In contrast, the parametric model tries to use a set of parameters with clear physical meaning to characterize the interaction among the target geometry structure and the received EM scattering response. In addition, the parameterization method has the advantage of computational efficiency as well as the accuracy.
As a typical geometric structure, rectangular plates exist in almost all targets. Typical EM scattering structures such as dihedral and trihedral corner reflector assembled by contiguous plates are widely studied in the field of target recognition [2] - [5] . However, plates separated from each other in space are also widely used in reality. For example, the main body and the solar panel of the canonical space target can be equivalent to a typical space-separated plate structure, as shown in Fig.1 . In addition, the ground, the sea surface and the ship's deck etc. can be abstracted into huge flat plates, which can be combined with surrounding target to form a parallel space-separated plate structure. The spatially separated plates, similar to the dihedral corner, are denoted as separated dihedral in this paper. The typical dihedral structure consists of two interconnected rectangular plates. When the two plates are separated as shown in Fig.1 , there is occlusion between the two plates at a specific angle of incidence. In addition, the double-bouncing illumination of the plates does not always exist and the illumination case is much more complicated than that of the dihedral structure. Within a certain range of incident angles, the dihedral can be regarded as a special case when the space interval between separated plates is zero. For the separated dihedral, the study of the interaction mechanism between discrete components as well as its corresponding parametric model is still a vacancy in the field of EM scattering modeling.
This paper mainly focuses on the problem of parametric modeling for the EM scattering responses of separated dihedral. Canonical geometric shapes, such as dihedral, trihedral, sphere and plate have been studied extensively in recent years [6] - [9] . In the field of 2D scattering center modeling, geometric diffraction theory (GTD) and attribute scattering center (ASC) model are widely used [10] - [12] . Rigling proposed a parametric model that approximates the 3D solution as the product of two 2D predictions and established a bistatic 3D scattering parametric model of six typical scatterers such as rectangular plate, dihedral angle, trihedral angle, cylinder, top hat and ball [13] , [14] . However, the accuracy of this modeling method decreases abruptly when the bistatic angle is large. The method of physical optical integration is used to construct a 3D bistatic electromagnetic scattering model of a plate structure in [15] . Jackson [16] , [17] established a bistatic 3D analytical solution of a right-angle dihedral corner reflector by using geometric optics and physical optics, whose accuracy is comparable parallel with the shooting and bounce ray (SBR) algorithm. Based on the Jackson's work, Song et al. [18] further introduced an internal angle factor to expand the right-angle dihedral angle to an obtuse angle. Meanwhile, the scattering characteristic of dihedral corner reflectors with different opening angles is accurately analyzed in bistatic synthetic aperture images [19] .
In this paper, the geometrical optics (GO) method is used to track the ray. As shown in Fig.2 , the total scattering response of the separated dihedral consists of two parts for each plate: the single-bounce scattering (in single arrow dash line) and the double-bounce scattering (in double arrow dash line). When the EM wave is incident on a plate of the separated dihedral, the single-bounce scattering can be directly received by the radar, which is depicted by the single arrow dash line in Fig.2 . At the same time, the illuminated plate also reflects the EM wave to another plate before it is received, in which the double-bounce scattering occurs, as is indicated by the double arrow dash line in Fig.2 . Consequently, there are four terms in the separated dihedral's total scattering response E total :
where E I 1 and E I 2 represent the single-and double-bouncing response term of the plate I, correspondingly, E 1 and E 2 represent the single-and double-bouncing response term of the plate II. Considering the single-bounce, double-bounce reflection as well as the occlusion occurred between the two plates of the separated dihedral, the illumination cases under different incident angles are discussed in detail firstly in this paper. Then the PO integration method is used to calculate each scattering response term under arbitrary azimuth and elevation angles. By comparing the two commonly used EM calculation algorithms, the proposed parametric model can significantly reduce the computational complexity, while maintaining the accuracy of the separated dihedral EM scattering response.
The outline of this paper is organized as follows. Section II fully discusses the illumination cases of the separated dihedral under different EM wave incident angles. Section III deduces the parametric model by PO integration in detail. In Section IV, the experiments compared with SBR and MOM have been implemented to validate the proposed model. Conclusions and further works are discussed in Section V. Fig.3 depicts a schematic view for the geometric structure of the separated dihedral to be investigated. The rectangular plate I is with b meters width and a meters height in the XOZ plane, which is equally divided into two parts by the YOZ plane. The plate II is with c meters length and a meters height located in the YOZ plane, which is separated from the plate I by d meters. Both plates are assumed to be made of perfect electric conductive (PEC) material and their size are much larger than the incident wave wavelength. Fig.4 shows the spherical coordinate geometry for a bistatic radar system. θ t and θ r are the angles between the transmitting and receiving direction vectors with the positive Z-axis, which represent the radar incident and received elevation angle respectively. φ is the angle between the projection of the receiving direction vector in the XOY plane with the positive X-axis. Since the separated dihedral is of symmetry in terms of the plane XOY and the plane YOZ in this paper, hence the illumination angles of the separated dihedral are analyzed under the condition
II. ILLUMINATION ANALYSIS FOR SEPARATED DIHEDRAL
Obviously, besides the single-bounce scattering from the separated dihedral, there may also be occlusion and doublebounce reflections arisen at certain specific incident angle scope. Therefore, in the following sections, the different scattering responses from the separated dihedral with respect to different geometric and illumination parameter cases will be discussed in detail.
A. SINGLE-BOUNCE ILLUMINATION
First, the single-bounce illumination case is considered, in which the transmitter wave is incident on the two plates directly for transmitter angles
Obviously, the plate II can always be illuminated with no occlusion. However, a certain area of the plate I is blocked by the plate II within a certain range of incident angles. Denoting the unit vector of incident wave aŝ i = − x sin θ t cos φ t +ŷ sin θ t sin φ t +ẑ cos θ t , and due to the fact that F 2 (0, d, −a/2) and Q 2 (0, d + c, −a/2) always project to points below the lower edge of the plate I, the single-bounce illumination limits of the plate I are determined by the projections of points E 2 (0, d, a/2) and P 2 (0, d + c, a/2), i.e., E 2 and P 2 respectively.
The coordinates of E 2 and P 2 are as follows:
< −a/2, the plate I is not blocked by the plate II as shown in Fig.5 (a). The equation of the straight line over points E 2 and P 2 is
Substituting z = −a/2 into (3), then the coordinates of the intersection H between line E 2 P 2 and line
The single-bounce illumination of the plate I can be divided into four cases, as depicted in Fig.5 , according to the positional distribution of H , E 2 , P 2 on the XOZ plane, wherein, the light-colored area indicates the portion to be illuminated, and the shaded area indicates the portion that is blocked by the plate II. The relations of transmitter aspect, plate size and illumination boundary are listed in Table 6 in Appendix C.
B. DOUBLE-BOUNCE ILLUMINATION OF PLATE I
Next, we consider the case when the transmitter wave is incident on the plate II and plate II reflects the wave to plate I. The incident unit vector that eventually illuminates the plate I isŝ
The same as the method of analyzing the single-bounce illumination of the plate I, the projection point E 2 and P 2 on the XOZ plane of E 2 and P 2 can be got with (5) . Then calculate the coordinates of the intersecting point H of line E 2 P 2 and line F 1 Q 1 . The double-bounce illumination of the plate I can be divided into four cases as shown in Fig.6 according to the positional distribution of H , E 2 , P 2 on the XOZ plane. Wherein, the light-colored area indicates the portion illuminated by the wave reflected by the plate II. The relations of transmitter aspect, plate size and illumination boundary are listed in Table 6 . 
C. DOUBLE-BOUNCE ILLUMINATION OF PLATE II
For the single-bounce illumination case of the plate II, the plate can be always illuminated under the condition φ t ∈ (0 • , 90 • ) shown in Fig.7 . At the same time the plate II will be illuminated by EM waves reflected by the plate I. The incident unit vector that eventually illuminates the plate II iŝ s =î − 2 î ·ŷ ŷ = −x sin θ t cos φ t +ŷ sin θ t sin φ t −ẑ cos θ t (7)
, and the
The equation of the straight line over points D 1 and E 1 is
where
Substitute z = −a/2 in (7), we gety = Y. So, the intersection coordinates of the line D E 1 and the line F 2 Q 2 is G (0, Y, −a/2). The double-bounce illumination of the plate II can be divided into four cases as shown in Fig.7 according to the positional distribution of G, E 1 , D on the YOZ plane. Wherein, the light-colored area indicates the portion illuminated by the wave reflected by the plate I. The relations of transmitter aspect, plate size and illumination boundary are listed in Table 1 .
III. SCATTERING MODEL DERIVATION FOR SEPARATED DIHEDRAL
The total response of the separated dihedral consists of singlebounce terms and double-bounce terms. In section II, the ray tracing analysis of incident EM waves has been carried out by GO. The single-bounce and double-bounce conditions under different incident angles are discussed. The scattering field will then be derived using PO integration. The PO integral formula approximates Maxwell's equations [20] :
where = S e −jk r î −r dS indicates the integral term related to the illuminated area which have been discussed in Section II shown in Table 6 and Table 1 . k is the wave number, k = 2π f /c; Z 0 is the wave impedance;î andr are incident and received wave direction vectors depicted in spherical coordinates in Fig.4 ; S is the surface on the plate that is illuminated by EM waves;n is the unit vector normal to the surface S ; H t is the incident magnetic field; r =xx +ŷy+ẑz is a vector from the origin to a point on the surface S .
A. SINGLE-BOUNCE TERM DERIVATION
For incident electric field
the incident magnetic field is
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For plate I,n =ŷ, r =xx +ẑz , substitute them in (8) and the single-bounce scattering term of plate I is (12) where I 1 denotes the integrational component related to the illuminated area.
Particularly when the plate I is not blocked by the plate II, it corresponds to case 1. The values of X 1 and X 2 at different incident angles are listed in Table 6 . For plate II,n =x, r =ŷy +ẑz , substitute them in (8) then the single-bounce scattering of plate II is
where ψ y 1 = k (sin θ t sin φ t + sin θ r sin φ r ), ψ z = k (cos θ t + cos θ r ).
B. DOUBLE-BOUNCE TERM DERIVATION
There is double-bounce illumination on both plates. The incident EM wave is reflected by one of the plates to the other one and finally received by the receiving antenna. Unlike the single-bounce term, the magnetic field vector reflected by the first plate must be perceived before the physical optical integration. For plate I,
where H I represents the magnetic field vector reflected by the plate II, that is, the double-bounce incident magnetic field vector of the plate I;ŝ I represents the unit direction vector reflected by the plate II. The detailed derivation of H I is listed in the Appendix A. Substituteŝ I and H I in (14) , the double-bounce scattering term of the plate I is
where I 2 denotes the integrational component related to the illuminated area.
In the first case, no EM wave is reflected by the plate II onto the plate I, so, I 2 = 0. The values of X 1 and X 2 at different incident angles are listed in Table 6 . For plate II,
Denote H as the magnetic field vector reflected by the plate I, that is, the double-bounce incident magnetic field vector of the plate II;ŝ is the unit direction vector reflected by the plate I, which iŝ s =î − 2 î ·ŷ ŷ = −x sin θ t cos φ t +ŷ sin θ t sin φ t −ẑ cos θ t (20) Similar to the derivation of H I , the detailed derivation of H is listed in the Appendix B. Substituteŝ and H in (18), the double-bounce scattering term of the plate II is 
where ψ y 2 = k (sin θ r sin φ r − sin θ t sin φ t ), ψ z = k (cos θ t + cos θ r ). In the first case, no EM wave is reflected by the plate I onto the plate II, 2 = 0. B and k have been explained in Section II when the double-bounce illumination of the plate II is analyzed. The values of Y 1 and Y 2 at different incident angles are listed in Table 1 .
C. TOTAL SCATTERING FIELD
The total field scattered by the separated dihedral is given by the sum of single-and double-bounce scattering in (1). We can rewrite the total response in a polarization form. The vertical (V) polarization corresponds to the θ component of the electric field, while the horizontal (H) polarization corresponds to the φ component.
IV. EXPERIMENTS
In order to validate the proposed EM scattering parametric model, we compare the scattering response of the separated dihedral with the results produced by two numerical methods: SBR and MOM. The geometric configuration of the separated dihedral used in the experiments is in accordance with Fig.3 , where the center of the plate I is located at the coordinate origin, and the physical size parameters of the separated dihedral are a = b = 1 m, c = 2 m, d = 0.5 m, and the transmitting frequency is 10GHz.
A. COMPARISON OF PARAMETRIC MODEL WITH SBR
In this section, four sets of experiments are designed, corresponding to four kinds of illumination cases at different incident angles. With a fixed transmitter position, we calculate the EM scattering response of the separated dihedral in the receiving range of 360 degrees and 180 degrees along azimuth and elevation directions respectively.
There are both 401 sampling points in both azimuth and elevation directions. The incident angles and the receiving angle scope for each set of experiments are listed in the Table 2 . Fig.9 is the result corresponding to the case 1. Fig.9 (a) shows the amplitude of the echo received by the radar within the receiving angle scope listed in the Table 2 . The figure consists of four columns and three rows. Each column depicts a different polarization response. V represents vertical polarization and H stands for horizontal polarization. The first script indicates receiver polarization and the second script indicates transmitter polarization. The first row is the magnitude response calculated by the proposed parametric model. The second row is the magnitude response generated by the SBR algorithm, and the third row is the coherent residual between the aforementioned two solutions.
The mean coherent residual is defined as:
where N indicates the number of sampling points in both receiving angle scope. The value of¯ is listed in Table 3 . It can be seen from Table 3 that the magnitude of the coherent residual is less than −50 dBsm in Fig.9(a) , which indicates that both amplitude and phase are consistent for case 1. In order to validate the modeling accuracy more clearly, the receiving angles in the first set of experiment is fixed at θ r = 140 • . So, the echo amplitude along with the receiving azimuth angles can be plotted in Fig.9(b) . The blue solid line in the figure indicates echo amplitude of the proposed model and the red solid line represents that of SBR algorithm. The cross-polarization terms VH and HV are omitted since the amplitude is too small. It can be seen from Fig.9(b) that most of aforementioned two curves are in accordance with each other, which further demonstrate the validity of the proposed model. Similar to Fig.9 , Fig.10-12 are the results corresponding to the other three cases listed in Table 2 . The mean magnitude of the coherent residual corresponding to the (a) component of Fig.10-12 is shown in Table 3 , which manifests that the mean coherent residual is less than −45 dBsm for all cases. The two curves plotted in Fig.(b) for all four cases are almost overlapping. To evaluate the degree of fitness of the two curves quantitatively, the average relative error is defined as
where N indicates the total number of sampling points. Through the values listed in the Table 4 , it can be noticed that the average relative errors in Fig.9(b), Fig.11(b) and Fig.12(b) are less than 10%. The average relative errors in Fig.10(b) is relatively larger owing to the fact that the double-bounce scattering area is too small when φ t = 60 • θ t = 40 • . In comparison to the SBR algorithm, the proposed model has the almost same performance with SBR.
B. COMPARISON OF PARAMETRIC MODEL WITH MOM
In order to validate the proposed parametric model, MOM, as a rigorous reference method, is utilized here to test the accuracy of the asymptotic approach. The transmitter aspect angle is set as φ t = 60 • , θ t = 80 • . There are both 161 sampling points in both azimuth and elevation directions. Fig.13 gives the comparison of scattering response with MOM algorithm. The mean coherent residual shown in Fig.13(a) is less than −30 dBsm for all polarization cases. To make the difference more clearly, the receiving elevation angle is fixed at θ r = 100 • and the corresponding response VOLUME 6, 2018 curves are plotted in Fig.13(b) . The two matching curves in Fig.13(b) demonstrate that the proposed model provides good approximation to the MOM prediction.
C. COMPARISON OF PARAMETRIC MODEL WITH STANDARD DIHEDRAL
The standard dihedral is the specific case of the proposed separated dihedral when the distance d between the plate I and the plate II is zero. We design two sets of comparative experiments to compare the proposed parametric model with the SBR algorithm and Jackson's dihedral model in [17] . The physical size parameters of the standard dihedral are Fig.14(a) is less than −35 dBsm and the two amplitude curves in Fig.14(b) agrees consistently, as well as the results in Section IV(A) and Section IV(B). Fig.15 shows the comparison results between the proposed model and Jackson's right-angle dihedral model. We note that the two models obtain consistent modeling results when the separated dihedral structure degenerates into standard dihedral.
D. COMPARISON OF MONOSTATIC RESPONSE
Since the bistatic solution can be simplified to the monostatic case for (φ r , θ r ) = (φ t , θ t ), the experiment of separated dihedral with the same dimensions (a = b = 1 m, c = 2 m, d = 0.5 m) has been implemented for a monostatic response in the plane of the corner mechanism (θ t = θ r = 90 • ). There are 901 sampling points along the azimuth direction.
In the monostatic case, both cross-polarization terms are zero. So, only the co-polarization responses are shown in Fig.16 . We notice that when the incident angle is less than 45 • , there is a big error between the two curves. This is because the amplitude of the echo received by the mono-static radar is too small when the incident azimuth angle is less than 45 • . Under this circumstance, there is no specular reflection echo in the receiving direction. When the incident azimuth is greater than 45 • , the double-bouncing scattering term echo response of the plates plays an increasingly important role VOLUME 6, 2018 in the receiving area. Therefore, when the incident angle is greater than 45 • , the two curves in Fig.16 fit well. The average relative errors in Fig.11, Fig.11(b) and Fig.12(b) are less than 10%. The average relative percent error of the MoM solution comparison is 14.39%. In general, the proposed model has reasonable agreement with the MOM algorithm.
E. COMPARISON OF ELAPSED TIME
To further evaluate the performance of the abovementioned methods, the elapsed times for different algorithms are compared. The running platform is MATLAB R2017a with configuration Intel(R) Core (TM) i7-7700 CPU 3.60GHz,32.0GB RAM, and the elapsed times are shown in Table 5 . Elapsed times listed in the Table 5 are under different receiving angle samples. The proposed parametric model is almost 800 times faster than the SBR and 2000 times faster than the MOM. The proposed parametric model can improve computational efficiency especially in monostatic situations.
V. CONCLUSIONS
A 3D bistatic EM scattering parametric model for spatially separated dihedral is established in this paper. The GO method is introduced to trace the incident EM waves, and the single-and double-bounce illumination of the two plates at different incident angles are fully discussed. The scattering response of the two plates is calculated by PO integration, and the total scattering response is generated by superposition. The total echo can be described by different polarization channels to correspond to the simulation results of the EM numerical algorithms. By comparing the modeling results with SBR and MOM algorithm, the derived parametric model achieves nearly the same accuracy as the numerical algorithm and significantly improves the computational efficiency. And the proposed separated dihedral structure is an extension of the typical dihedral corner.
Based on the proposed method, future work will focus on deriving the parametric model of other typical common structures in the target. Furthermore, the EM feature extraction based on the established parametric model will be combined with radar 3D imaging, radar image interpretation and automatic target recognition in the following work.
APPENDIX A
H I can be calculated by
where E I is the electric field vector reflected through the plate II. The incident electric field can be written as a sum of two components, parallel and perpendicular to the incident plane: 
E is the electric field vector reflected through the plate I. The incident electric field can be written as a sum of two components, parallel and perpendicular to the incident plane: 
